Xylan (the most common hemicellulose in wood and annual plants) and xylan derivatives have a very wide field of uses for which physico-chemical surface properties play an important role (e.g. in composites or barrier materials). In the present work, for the first time, inverse gas chromatography (at infinite dilution conditions) was used to assess the surface properties of xylan and xylan derivatives. Firstly, carboxymethyl xylan (CMX) and hydroxypropyl xylan (HPX) have been synthesized from commercial xylan (BX) and the presence of substituent groups confirmed by infrared spectroscopy and 1 H NMR. Then, the modified and original xylans were analysed for their dispersive component of the surface energy (γ s d ) and Lewis acid-base properties. It was found that carboxymethylation and hydroxypropylation decreased significantly the γ s d value of xylan: from 47.6 mJ m −2 in BX to 33.0 mJ m −2 and 23.5 mJ m −2 in CMX and HPX, respectively. As for the Lewis acid-base properties, HPX showed a perfectly amphoteric behaviour while the surfaces of unmodified xylan and CMX showed a prevalence of Lewis acidic character over the Lewis basic character, being, however, the surface of CMX less acidic than that of the original xylan. These results were interpreted in terms of the effect of the presence of the new substituent groups in the xylan backbone.
Introduction
Hemicelluloses are the second most abundant natural polymer after cellulose, comprising about 25-35% of most plant materials, forest and agricultural residues [1] [2] [3] . Xylans are the most common hemicellulose in wood, as well in annual plants such as grasses, cereals, and herbs [4] , representing about 10-35 wt% in hardwoods (e.g. eucalyptus, maple, birch) and 10-15 wt% in softwoods (e.g. spruce, pine and cedar) [5] . This polysaccharide is formed by β-(1 → 4)-linked D-xylopyranose (D-Xylp) monomer units, being, however, the chemical structure dependent on the xylan source [6] . The main xylan in hardwood species is O-acetyl-4-O-methylglucuronoxylan while in softwood species is arabino-4-O-methylglucuronoxylan. The former is constituted by a main chain of D-Xylp units with a few 4-O-methylglucuronic acid (MeGlcA) groups attached to the C-2 position of the xylan backbone and several hydroxyl groups substituted by acetyl groups at the C-2 and/or C-3 positions (about one MeGlcA group per 10-23 xylose units and 4-7 acetyl groups per 10 xylose units) [7] [8] [9] . The latter is a non-acetylated xylan where D-Xylp units are branched with MeGlcA groups and α-L-arabinofuranose units [7] .
Xylans have a very wide field of uses and their potential can be enhanced by chemical derivatization. They have been applied in the production of bioethanol, xylitol and xylo-oligosaccharides [3, 6, 10, 11] , as well as in films with low oxygen permeability [12] [13] [14] , composites [15, 16] , hydrogels [17] , surfactants [18] , as pa ⁎ ⁎ Corresponding author.
Email address: jafgas@eq.uc.pt (J.A.F. Gamelas) per additives and flocculation aids [19, 20] , antimicrobial agents [20] and coating color components [21] . In particular, they play an important role in pulping and papermaking processes as they increase the yield of the pulping process and improve the paper mechanical properties. However, the recent increasing demand for α-cellulose (dissolving pulp) and the production of nanocellulose open new possibilities for hemicelluloses production [21] . Moreover, the increasing demand for advanced renewable materials and green technologies has led researchers to focus their work in the plant biomass and value-added chemicals obtained from that. Abundant natural-based polymers, such as cellulose and hemicelluloses are, thus, of obviously high interest for both the scientific researchers as well as for the industry partners.
In this context, surface properties of xylans and modified xylans are an important parameter to consider in order to: (a) determine the influence of added functional groups in xylan's modification; (b) predict and optimize their compatibility with other polymers in the composites production; (c) expand their use in films for packaging and barrier materials. Inverse gas chromatography (IGC) is an appropriate tool to assess the surface properties of powdered solid materials, such as xylans, not possible to assess adequately, for instance, by classical contact-angle measurements (due to associated problems like porosity, roughness, surface heterogeneity). IGC enables to obtain the dispersive component of the surface energy, specific interactions (non-dispersive) with polar probes, Lewis acid-base character of the surface, surface nanoroughness parameter, Flory-Huggins interaction parameter [22] [23] [24] [25] , among other properties. This technique has been widely used for the study of cellulose and lignocellulosic materials U N C O R R E C T E D P R O O F [22] but, to our knowledge, it has never been reported before for the study of xylans of any type.
In the present work, a commercial beechwood xylan, and two modified xylans produced from commercial xylan by carboxymethylation and hydroxypropylation (Scheme 1) were analysed, for the first time, for their surface properties by inverse chromatography. Results of this study revealed significant differences between the several materials, namely for their dispersive component of the surface energy as well as for their Lewis acid-base properties.
Materials and methods

Materials
Beechwood xylan (BX) (Sigma-Aldrich, St. Louis, MO, USA) was used as the xylan source. Deuterium oxide (99.9 at.% D), (±)-propylene oxide (ReagentPlus 99%) and sodium monochloroacetate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium hydroxide (Pronalab, Lisbon, Portugal), hydrochloric acid, 2-propanol (Merck, Darmstadt, Germany), acetic acid, ethanol (Sigma-Aldrich, St. Louis, MO, USA), sulphuric acid (Panreac, Barcelona, Spain) and acetone (Scharlau, Barcelona, Spain), were used as reagent-grade chemicals. All probes for IGC analysis were of chromatographic grade and were used as received (Sigma-Aldrich, St. Louis, MO, USA).
Derivatizations of xylan
Carboxymethylation
Carboxymethyl xylan (CMX) synthesis was carried out according to a method reported by Petzold et al. [26] . Briefly, 5 g of BX (37.8 mmol of anhydro xylose units (AXU)) was dissolved in 25 mL of 25% aqueous sodium hydroxide solution followed by the addition of 35 mL of 2-propanol. The reaction mixture was stirred for 30 min at 30°C. Then, 4.39 g (37.8 mmol) of sodium monochloroacetate was added and the temperature raised to 65°C for 70 min. The reaction mixture was neutralized with diluted acetic acid, and then the CMX was precipitated and washed with ethanol, and finally dried at room temperature.
Hydroxypropylation
Hydroxypropyl xylan (HPX) synthesis was carried out according to the method used by Laine et al. [21] . Briefly, 13 g of 50% aqueous sodium hydroxide was added to 3.25 g of BX dispersed in distilled water (16.3%, w/w) was added and the mixture vigorously stirred in a Scheme 1. Schematic representations of xylan, carboxymethyl xylan (CMX) and hydroxypropyl xylan (HPX) considered in the present study. pressure reactor. 7.6 mL of cooled propylene oxide was then added and the reaction mixture heated at 50°C for 40 h. The reaction mixture was neutralized with 1 M hydrochloric acid solution, and then the HPX was precipitated by adding acetone. After washing, the HPX was freeze dried.
Characterization of xylans
Neutral sugar analysis
The determination of the neutral sugars composition of BX was undertaken after Saeman hydrolysis (treatment with 72% H 2 SO 4 at 20°C for 3 h, followed by 2.5 h hydrolysis with diluted 1 M H 2 SO 4 at 100°C). The released neutral monosaccharides were determined as alditol acetate derivatives by gas chromatography [27] using a Varian 3350 gas chromatograph equipped with a FID detector and a DB-225J&W column. The neutral sugars analysis of BX showed the predominance of xylose (97.1%) and the presence of small amounts of arabinose (1.2%), glucose (0.8%), rhamnose (0.4%), galactose (0.3%) and fucose (0.2%).
FTIR-ATR and
1 H NMR analyses FTIR-ATR spectra were obtained using a Bruker Tensor 27 spectrometer and a MKII Golden Gate accessory with a diamond crystal 45°top plate. The spectra were recorded in the 500-4000 cm −1 range with a resolution of 4 cm −1 and a number of scans of 128. 1 H NMR spectra were collected in a Bruker Avance III 400 MHz NMR spectrometer with Bruker standard pulse program. Spectra of BX and CMX were acquired at room temperature while spectrum of HPX was also acquired at 5°C (to shift the water signal overlapped with the H-1 signal). Samples, directly in the state of polymer chain, were dissolved in D 2 O (10 mg mL −1 ) for the acquisition of the 1 H NMR spectra. Sodium 3-(trimethylsilyl)propionate-d4 (TMSP, δ 0.00) was used as internal standard.
The degree of substitution (DS) of the derivatized xylans was determined based on the NMR data. Note that, in each case, the modification should occur at the C-2 and C-3 positions of the xylan backbone. For CMX [28] : DS = I H-1(s) /(I H-1(u) + I H-1(s) + I H-1* ), where I H-1(s) is the integrated area of fitted H-1 signals, at 4.59 ppm and ca. 4.53 ppm, of substituted AXU units at C-2 and C-3 positions, I H-1(u) is the integrated area of fitted H-1 signal at 4.49 ppm, of unsubstituted AXU units, and I H-1* is the integrated area of fitted H-1 signal at 4.63 ppm, of AXU units containing MeGlcA groups at C-2 position. For HPX [21] : DS = (I methylprotons /3)/I H-1 , where I methylprotons is the integrated area of the signal due to three methyl protons in the hydroxypropyl group (peak at 1.13 ppm) and I H-1 is the integrated area of the H-1 signal.
Inverse gas chromatography
The inverse gas chromatography analysis was performed using a DANI GC 1000 digital pressure control gas chromatograph equipped with a hydrogen flame ionization detector. Stainless-steel columns, 0.5 m long and 0.4 cm inside diameter were washed with acetone and dried before packing. After the packing of the material into the gas chromatograph column, the column was shaped in a smooth "U" to fit the detector/injector geometry of the instrument. The packed columns were conditioned overnight at 70°C, under a helium flow (P = 0.05 bar), before any measurements were made. Measurements were carried out at four different temperatures (40, 45 , 50 and 55°C) for BX and CMX. For HPX, measurements were performed at the column temperature of 35°C because only at this temperature (or lower) it was possible to obtain an acceptable separation between the retention times of the different probes (for a temperature of 40°C they were still very close to each other). The injector and detector were kept at 180°C and 200°C, respectively, and helium was used as carrier gas. Small quantities of probe vapour (<1 μL) were injected into the carrier gas, allowing work under infinite dilution conditions. The probes used for the IGC data collection were n-pentane (C5), n-hexane (C6), n-heptane (C7), n-octane (C8), n-nonane (C9), n-decane (C10), trichloromethane (TCM, Lewis acidic probe), dichloromethane (DCM, Lewis acidic probe), tetrahydrofurane (THF, Lewis basic probe), ethyl acetate (ETA, amphoteric) and acetone (amphoteric). The properties of the probes, of relevance to the IGC analysis, are listed in Table 1 . It should be noted that, with the exception of DCM, polar probes with similar molecular surface area values and different electron donating/acceptor properties were chosen, in order to assess only the effect of Lewis acid-base interactions with the materials surface. DCM, an acidic probe with a lower molecular surface area, was useful to check the trend of the Lewis basic character between samples revealed by TCM. Methane was used as the reference probe. The retention times were the average of three injections and were determined by the Conder and Young method [30] . The coefficient of variation between runs was typically lower than 2%.
The theoretical aspects of inverse gas chromatography can be found elsewhere [22, 24, 25] . Briefly, the retention of a gas or vapour probe molecule in the IGC column is quantified by the net retention volume, V n , which can be calculated from IGC data using Eq. (1), where t r is the retention time of the injected probe through the column, t 0 is the retention time of the non-interacting probe (methane), F is the corrected flow rate of the inert carrier gas and J is the James-Martin correction factor for the carrier gas compressibility.
At infinite dilution conditions, the free energy of adsorption of the probe on the stationary phase surface (per mole), ΔG a , can be determined from the retention volume, V n , according to Eq. (2). In this equation, R is the gas constant and T is the column absolute temperature. The constant K is dependent on the chosen reference state [24] .
If only dispersive interactions occur between sample and probe, the net retention volume, V n , can be related to the dispersive components of the surface free energy of the interacting solid and probe, γ s d a Data taken from references [22, 25, 29] . a is the molecular surface area of the probe, For the polar probes, there is a corresponding specific component contribution, ΔG a s , in addition to the dispersive component, to the overall free energy of adsorption [24] . This parameter (ΔG a s ) can be estimated by calculating the difference between the experimental value of RTln(V n ) obtained for the polar probe and the corresponding estimation for the equivalent apolar probe (Eq. (4)) based on the linear fitting of RTln(V n ) vs. 2N × a(γ l d ) 0.5 for n-alkanes (reference line).
The work of adhesion (W a ) can be obtained from the ΔG a parameter, according to Eq. (5).
Thus, using the inverse gas chromatography technique, the dispersive component of the surface energy (γ s d ) and the specific components of the work of adhesion (W a s ) of polar probes on the surface of the analysed materials were obtained.
Results and discussion
Chemical characterization of xylan and xylan derivatives
The produced xylan derivatives (and the original xylan for comparison) were firstly characterized by infrared spectroscopy and 1 H NMR to confirm the presence of the substituent groups and determine the corresponding degree of substitution. The FTIR spectrum of BX (Fig. 1) showed the characteristic polysaccharide bands, namely: a sharp band at 897 cm −1 due to C1 H bending mode, which is characteristic of β-glycosidic linkages between the sugar units [32] ; several bands between 1500 and 1000 cm −1 due to the C H bending (1)
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and C O stretching vibrations, with an absorption maximum at 1037 cm −1 and a band at 1161 cm −1 due to the asymmetric stretching of C O C glycosidic bonds [32] ; bands due to the C H stretching between 2870 and 2920 cm −1 ; and a broad band at ca. 3400 cm −1 due to hydroxyl bond stretching [33, 34] . In the 1500-1700 cm −1 region, bands at 1600 cm −1 and ca. 1645 cm −1 (shoulder) from ionized glucuronic acid groups and sorbed water, respectively, were also observed [33] [34] [35] . For CMX (Fig. 1) as compared to BX, an additional strong band at 1589 cm −1 ascribed to the asymmetric stretching of the COO − groups in the carboxymethyl xylan [36] appeared in the FTIR spectrum, showing successful carboxymethylation. The band at 1414 cm −1 , assigned to the CH 2 bending, was also enhanced in intensity, as the result of the substitution of O H by O CH 2 COO − groups in the xylan backbone. The FTIR spectrum of the obtained CMX also resembles that of a commercial sample of carboxymethylcellulose (results not shown). Finally, in the HPX spectrum (Fig. 1) , an additional band at 2973 cm −1 , assigned to the asymmetric C H stretching of the methyl groups from the hydroxypropyl moieties [37] was observed, providing thereby the evidence that hydroxypropylation has occurred.
The 1 H NMR spectrum of BX (Fig. 2) showed major signals corresponding to AXU at 4.49 ppm (H-1, anomeric), 3.29 ppm (H-2), 3.56 ppm (H-3), 3.80 ppm (H-4), 3.38 ppm (H-5 ax ) and 4.10 ppm (H-5 eq ). Additionally, the presence of 4-O-methylglucuronic acid (MeGlcA) was detected by the signals at 5.29 and 3.47 ppm corresponding to H-1 and methoxy protons, respectively [8, 38, 39] . The ratio between the peak areas of the anomeric protons of MeGlcA and AXU indicates that one MeGlcA group is present per 10 AXU. In the spectrum of CMX (Fig. 2) , close to the signal of the anomeric proton at 4.49 ppm, less intense signals appeared at ca. 4.53 and 4.59 ppm. The latter can be attributed to H-1 of functionalized units in O-3/O-2 positions of AXU [28] . From the comparison of the integrated area of these signals and that of H-1 of unsubstituted units, a DS of 0.30 was calculated (as explained in previous Section 2.3.2) for CMX. The 1 H NMR spectrum of HPX (Fig. 2) showed a very intense signal at 1.13 ppm clearly attributed to the methyl protons of the substituent hydroxypropyl groups [21] . From the comparison of the integrated area of this signal and that of anomeric H-1, a DS of 1.07 was determined for HPX (Section 2.3.2). Overall, infrared spectroscopy and 1 H NMR revealed that successful derivatizations of BX have been achieved. The degree of substitution was of 0.3 for CMX and 1.1 for HPX.
Surface properties assessed by inverse gas chromatography
The dispersive component of the surface energy was determined from the plots of RTln(V n ) as a function of 2N × a × (γ l d ) 0.5 (Schultz and Lavielle approach, Fig. 3) . The results are presented in Table 2 . The γ s d (at 40°C, and at 35°C for HPX) varied in the following order: BX > CMX > HPX. The relatively high value of γ s d observed for unmodified xylan can be majorly related to a higher amount/accessibility of hydroxyl groups (which are able to establish dispersive interactions with the n-alkanes [35, 40] ) on the surface of this xylan. No previous studies of xylans surfaces by IGC were found in the literature; however, the γ s d value here obtained for beech xylan is in the same range of those reported for other polysaccharides such as cellulose and bleached pulps (40-50 mJ m −2 range) [22] . On the other hand, the substitution of hydrogen atoms from hydroxyls by carboxymethyl groups in the carboxymethyl xylan or by hydroxypropyl groups in the hydroxypropyl xylan decreased significantly the γ s d value probably because the new attached groups are less able/accessi 1 H NMR spectra of beechwood xylan (BX), carboxymethyl xylan (CMX) and hydroxypropyl xylan (HPX) in D 2 O (spectrum of hydroxypropyl xylan at 5°C and the others at room temperature). "u" and "s" denote unsubstituted and substituted AXU units, respectively, and "*" denotes AXU units containing MeGlcA groups. ble for dispersive interactions than the hydroxyl groups. This effect was more pronounced in the hydroxypropyl xylan being obtained a γ s d value as low as 23.5 mJ m −2 , that indicates a low surface energy material. A value of similar magnitude (25 mJ m −2 , at 40°C) was obtained for hydroxypropylcellulose [41] . Note, however, that the straight comparison of CMX with HPX should be made with due care, since these modified xylans were obtained with a different degree of substitution. For a CMX with a higher DS, a lower γ s d value, closer to that of HPX, could be obtained.
Additionally, the effect of temperature on the γ s d parameter was also studied. For the unmodified xylan a decreasing trend of the γ s d value with temperature in the range of studied temperatures (40-55°C) was found (Fig. 4) , as previously observed for related cellulosic materials [35, 42] . For the CMX the variation of the γ s d value with temperature (in the same temperature range) was somewhat different: it decreased from 40 to 45°C and then reached a plateau (Fig.  4) . These results show, thus, a different behaviour of CMX in comparison to BX as a consequence of the chemical modification. As mentioned before (Section 2.3.3), for HPX it was not possible to study the effect of temperature increase because the retention times of the different tested probes were all very close to each other at temper atures ≥40°C, precluding the determination of any IGC surface parameters.
The Lewis acid-base character of the xylans surface was assessed based on the calculation of the specific component of the work of adhesion (W a s ) of different polar probes (Schultz and Lavielle approach, Fig. 3) . The results shown in Table 2 for the different probes (excluding DCM) indicate that: (a) the xylans are amphoteric since they all present higher affinity with Lewis amphoteric probes (acetone, ETA) and; (b) the original xylan and CMX have more Lewis acidic than basic character since the affinity with basic (THF) probe is higher than with acidic (TCM) probe; and (c) HPX was a perfectly amphoteric material because specific affinity of Lewis acidic probe (TCM) and of basic one (THF) were very similar. The acidic surface character of xylans is attributed to the dominant presence of acidic hydroxyl (and carboxylic acid) groups. On the other hand, oxygen's in oxygen-carbon linkages and carboxymethyl groups are expected to have a more Lewis basic than Lewis acidic character and thus to contribute more to the Lewis basicity of the material surface. Note that for the same sample, the specific interaction of DCM should not be compared to those of the other probes in terms of assessing only the Lewis acid-base character of the material surface, because DCM has a significantly lower molecular surface area (Table 1 ). In fact, although DCM and TCM have comparable electron acceptor properties (Table 1 ) significantly higher specific interactions are always obtained for the former (Table  2) because DCM molecules are less bulky, thus being less likely to steric constraints in the interaction with the material surface. However, DCM may be used, when comparing the different samples, to corroborate the results obtained with TCM, as follows below.
The specific interactions at temperatures higher than 40°C were also obtained for the unmodified xylan and CMX. For the original xylan, the W a s values of each probe were similar in the 40-55°C range (see Fig. 5 for the results at 40 and 50°C). However, for CMX some differences were found between the specific components values obtained at 40°C and at higher temperatures. In fact, a significant increase of the W a s values was noted, particularly those of Lewis acidic probes, when increasing temperature from 40°C to 45-50°C (Fig. 5) . Further studies to clarify the behaviour of CMX with temperature will certainly have to be done.
The results of the specific interactions of beech xylan are not far from those previously reported for e.g., cellulosic materials [22] . Due to the substitution of acidic hydroxyls by Lewis basic groups in CMX, the affinity with basic and amphoteric probes (THF, ETA and acetone) greatly decreased accompanied by an increase of the affinity to Lewis acidic probes (TCM and DCM) ( Here, the specific interactions with basic THF and amphoteric ETA probe were lower than those observed for beech xylan, while the specific interaction with acetone was close to that obtained for beech xylan. Interestingly, the specific interactions with acidic probes (both TCM and DCM) were considerably higher than those obtained for the other xylans. The substitution in xylan of hydroxyls ( OH), that are mostly acidic in character, by O CH 2 CH(OH)CH 3 groups that possess both Lewis basic and acidic sites, will confer the observed amphoteric character to the material surface, including the decrease of the Lewis acidity and the increase of the Lewis basicity. Determinations of the specific component of the enthalpy of adsorption (ΔH a s ) for the same probes on hydroxypropyl cellulose also revealed a material with an amphoteric behaviour [41] . 
Conclusions
A commercial beechwood xylan was carboxymethylated and hydroxypropylated to degrees of substitution of 0.3 and 1.1, respectively. Results from IGC analysis revealed that the dispersive component of the surface energy of the beechwood xylan is reasonably high (47.6 mJ m −2 ) and that the introduction of carboxymethyl and hydroxypropyl groups significantly decreases this component. This effect was more pronounced for hydroxypropyl xylan where a γ s d value as low as 23.5 mJ m −2 was obtained. The higher extent of modification achieved for this xylan derivative could also be responsible for the lower value obtained for γ s d . The W a s (THF)/W a s (TCM) ratio, that measures the prevalence of the Lewis acidity over the Lewis basicity of the material surface, was of 4.7 for BX, 2.3 for CMX and 0.94 for HPX. Thus, as a consequence of the substitution of a few hydroxyl acidic groups by carboxymethyl basic groups in CMX, the surface of CMX possessed less acidic character than that of BX. As for HPX, with a high substitution degree, the results revealed an amphoteric nature of O CH 2 CH(OH)CH 3 groups. The injection of other Lewis acidic and amphoteric probes confirmed these trends.
